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Virtual Tissues Knowledgebase (VT-KB)

VT-KB represents a flexible platform to extract and organize relevant facts from the
existing body of scientific literature. Briefly, a vocabulary of terms was built to describe concepts
relevant to health and disease using publicly available ontologies including genes, pathways,
anatomy, clinical outcomes, and chemicals. We compiled a list of keywords relevant to
embryonic vascular formation (Supplemental Figure 1), and varying combinations of these and
like terms were cross-referenced in the VT-KB with the list of ToxCast in vitro assay targets.
Supplemental Figure 1 shows the example of cross-referencing the vascular developmental
keywords with the VEGFR2 receptor and the many synonyms (KDR, Flk-1, etc) found in the
literature. Initial results showed a high incidence of publications related to tumor neo-
vascularization; therefore, the query was filtered using NOT logic with the keyword “cancer”.
The keyword search results (over 20 million PubMed abstracts searched) were stored in a
MySQL database for statistical analyses to summarize relationships and map them to biological

concepts and pathways.

Vascular Bioactivity Score (VBS)
A weighted score (VBS) was created for each chemical across the six in vitro targets

with the highest ranking, based on the log transform of the AC50/LEC values (Equations 1-3).

Assay Score = AS, =— Iogm(%j (1)
R D AS,
Normalized Target Score =TS, = ,JAS (2)
j P max
Vascular Bioactivity Score =VBS =" kTS, (3)



Here, i represents the assay target (feature) and j represents the number of different assay
systems each target was measured in. When applicable, the directional regulation of each of
these targets with respect to blood vessel development was considered. For example, the
upregulation of CXCL10, an anti-angiogenic chemokine, was considered to be relevant while
downregulation was not, as suppression of that chemokine would provide an environment
favorable for angiogenesis, whereas our hypothesis is focused on disruption of vascular
processes. The assay scores were normalized and summed (Equation 2), and chemicals were
ranked based on the Vascular Bioactivity Score (VBS) shown in Equation 3, where k; is the
weighted coefficient value determined by the number of term associations in the VT-KB search
and by the specificity to vascular developmental processes: k; ;=3 (VEGFR2, TIE2), k3 4=2
(CCL2, PAI-1), and ks =1 (CXCL10, uPAR). Those that had a VBS above the mean (123
chemicals out of 309) were classified as putative VDCs. The pVDC ToxPi profiles are shown in
Supplemental Figure 2, where each sector is hormalized to show the relative effect of each
chemical on each read-out and the slice widths represent the relative weights (k;) across VBS

targets.

Multivariate Modeling

We used machine learning tools to build a step-wise linear discriminant analysis (LDA)
algorithm that yields a multivariate toxicity signature based on significant associations between
the features set (in vitro ToxCast assay data and pathway perturbation scores) and a pre-
defined endpoint. Typically, the endpoints are in vivo phenotypes culled from guideline animal
studies and reported in ToxRefDB. Vascular disruption may result in a variety of developmental
endpoints including fetal resorption, limb defects and microphthalmia, and similarly these
endpoints could be a result of disruption of other non-vascular developmental processes or
maternal toxicity. In an attempt to separate out those compounds which were potentially acting
via a vascular disruptive mechanism, we defined pVDCs as those chemicals which had a VBS
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greater than the mean over the entire Phase 1 chemical space based solely on 6 assay targets
critical to vascular development. We then identified those compounds with species-specific
developmental toxicity and searched for correlations among the remainder of the ToxCast in

vitro data and the aggregated pathway-perturbation scores.

First, individual (univariate) statistical associations were calculated for the chemical-
assay and chemical-endpoint space. Two statistical tests were used. In the first, the data matrix
was dichotomized so that if activity was seen at any concentration (assays) or dose (endpoints),
a value of 1 was assigned to the chemical assay (endpoint) pair. Otherwise a value of 0 was
assigned. Next, one assay was selected as the input (predictor variable) and another assay (or
endpoint) as the output (predicted variable). A 2x2 contingency table was created with values
for TP (true positive, number of chemicals for which the input and output were both positive), FP
(false positive, number of chemicals for which the input was positive and output negative), FN
(false negative, number of chemicals for which the input was negative and the output positive)
and TN (true negative, both input and output negative). The significance of association was
tested using a Fisher’s exact test. In the second statistical method, the input assay AC50 values
were log transformed and scaled as in Equation 1. This scaling yields a value of zero for
inactive chemical-assay combinations. The output variable was dichotomized as before. We
then performed a t-test comparing the score distribution for the output-positive vs. output-
negative chemicals. Each pair of associations was ranked by the minimum p-value from either

test, with a cut-off of p<0.05 designated as statistically significant.

Multivariate models were built where the species-specific pvVDCs were designated as
outputs and the ToxCast assays and pathway perturbation scores as inputs. The predictive

model was constructed from the most significant univariate features, and cross-validated over



20 iterations. For this analysis, the original data matrix was log-transformed. The model is of the

form,

N max
Model Score (chemical,) = Cutoff + Y [8,AS, (chemical, )] (4)

assay;

where if §; is 1, then assay i is included, otherwise it is not. If the model score for chemical x is
>0, the chemical is predicted to be active in the output class or endpoint, otherwise it is
predicted to be inactive. Assays are added to the sum in a stepwise fashion, where the one with
the most significant univariate association is added first, the second most significant is added
next and so on. Model performance was evaluated using a 2x2 contingency table as described
above where the true activity vector for the output assay is compared with the predicted activity
vector. The model was implemented using a k-fold cross validation algorithm in which the data
is randomly divided into training (80%) and test (20%) portions and optimal linear combinations
of features are found which maximize the area under the curve (AUC) of the Receiver Operator
Characteristic (ROC) curve. In addition to the AUC and Fisher’s exact p-value, we also
calculated the sensitivity, specificity, balanced accuracy (average of sensitivity and specificity)
and other metrics. The algorithm was run multiple times with varying feature sets, allowing for
linear combinations of ToxCast in vitro assays (excluding the VBS ranking assays), ToxRefDB
in vivo data, and pathway perturbation scores. The model with best cross-validation test
balanced accuracy (BA, an average of sensitivity and specificity) was selected for further
consideration. The algorithm is implemented in R and is available upon request (“linmod.R”

(http://www.epa.gov/ncct/)).



Keyword Query:
"vasculogenesis" OR "angiogenesis" OR
"endothelial cell" OR "vascular development"
OR "embryogenesis" OR "vascularization" OR
"embryo" OR "tubulogenesis" OR '"vessel
formation" OR "vessel growth" NOT "cancer"

A4

Gene Query:
"VEGFR2" OR "VEGFR-2" OR "VEGFRII" OR
"KDR" OR "FLK1" OR "FLK-1" OR "CD309"

— ~
Gene " pued Absracts

VEGFR-2 1775

Tie-2 937

PAI-1 743

CCL2 543

CXCL20 126

uPAR 118

Supplemental Material, Figure 1: Virtual Tissues Knowledge Base (VT-KB) example keyword
query to rank ToxCast assay targets, where VEGFR-2 is used as an example. The 6 ToxCast™

Phase | targets with high relevance to vascular development are shown.



Scores for all 309 ToxCast Phase-I chemicals
(sorted by Vascular Bioactivity Score)
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Supplemental Material, Figure 2: ToxPi visualization for all 309 ToxCast compounds ranked

by VBS across 6 in vitro targets: CCL2|, CXCL101, uPARZ, PAI-13, VEGFR2|, TIE2 binding.

Arrows represent direction of regulation where applicable.



RAT/RABBIT

RAT

VTKB Results
(peer-reviewed in

Chemical Developmental | RAT Chronic MOUSE Chronic Multigenerational vivo studies)
Heart_Anylesion;
AdrenalGland_AnyLesion, LiverProliferativeLesion
PreneoplasticLesion, s; LiverTumors;
NeoplasticLesion; Liver_AnyLesion,
Eye_AnyLesion; PreneoplasticLesion, Oral Toxicity
Lung_AnyLesion; NeoplasticLesion; (Respiratory,
Tumorigen; Pancreas_AnyLesion, Muscular):
Uterus_AnyLesion, PreneoplasticLesion; Pheasants, Rabbits
No Study in PreneoplasticLesion, Testes_AnyLesion; (Neuschl and Kacmar
Bentazone ToxRefDB NeoplasticLesion Tumorigen Kidney; Liver 1993)
No Evident
Developmental
Toxicity: Cows
(Bellows et al. 1975);
Delayed
Neurotoxicity: Hens
No Study in (Abou-Donia et al.
Coumaphos ToxRefDB Cholinesteraselnhibition No effect recorded No effect recorded | 1982)
KidneyNephropathy;
Kidney_AnyLesion;
Ovary_AnyLesion;
SpleenPathology;
Spleen_AnyLesion; Kidney;
Thymus_AnyLesion; LactationPND21;
No Study in Thymus_PreneoplasticLesi | No Chronic Mouse LitterSize; Liver; No in vivo toxicity
Forchlorfenuron ToxRefDB on Study in ToxRefDB Ovary; Testis data returned
Milbemectin Heart_AnyLesion;
(mix of KidneyPathology;
>70%Milbemyci Kidney_AnyLesion;
n A4; KidneyNephropathy; LiverNecrosis;
<30%Milbemyci No Study in Kidney_AnyLesion; Liver_AnyLesion; No Study in No in vivo toxicity
n A3) ToxRefDB Skin_AnyLesion Ovary_AnylLesion ToxRefDB data returned
Reproductive
Toxicity: Rats(Laier et
al. 2006; Noriega et
al. 2005; Vinggaard
et al. 2005a; Wilson
et al. 2004);
Endocrine Disruptor:
Rats(Vinggaard et al.
2005b),
LiverProliferativeLesion Zebrafish(Kinnberg et
s; LiverTumors; al. 2007), Trout(Le
Liver_AnyLesion, Gac et al. 2001);
PreneoplasticLesion, Behavioral Effects:
No Study in NeoplasticLesion; No Study in Goldfish(Saglio et al.
Prochloraz ToxRefDB Liver_AnyLesion Tumorigen ToxRefDB 2001)
LiverHypertrophy;
LiverNecrosis;
LiverProliferativeLesion Developmental
s; LiverTumors; Toxicity (Axial
Liver_AnyLesion, Skeletal): Rats,
PreneoplasticLesion, Mice(Kawanishi et al.
No Study in Liver_AnyLesion; NeoplasticLesion; No Study in 2003; Rogers et al.
Bromoxynil ToxRefDB Thymus_AnyLesion Tumorigen ToxRefDB 1991)

10




Imazalil

No Study in
ToxRefDB

LiverHypertrophy;
LiverProliferativeLesions;
LiverTumors;
Liver_Anylesion,
PreneoplasticLesion,
NeoplasticLesion;
MammaryGland_AnyLesio
n;
ThyroidGland_AnyLesion,
PreneoplasticLesion,
NeoplasticLesion;
ThyroidHyperplasia;
ThyroidProliferativeLesion
s; ThyroidTumors;
Tumorigen

LiverHypertrophy;
LiverProliferativeLesion
s; LiverTumors;
Liver_Anylesion,
PreneoplasticLesion,
NeoplasticLesion;
Pancreas_AnyLesion;
Tumorigen;
Vagina_Anylesion

Gestational
Interval;
Implantations;
LactationPND21;
LitterSize;
LiveBirthPND1;
Liver;
ViabilityPND4

Neurobehavioral
Effects: Mice(Tanaka
1995)

Niclosamide

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Intestinal Parasite
Treatment in
Mammals: No
Apparent
Toxicity(Bryan 1976;
Jones 1979)

Diazoxon

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Chronic Health
Effects: Humans
(evidence of genetic
suceptibility)(Mackne
ss et al. 2003; Povey
2010)

Methoxychlor

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Reproductive
Toxicity: Mice,
Rats(Cummings and
Gray 1989;
Cummings and
Perreault 1990;
Johnson et al. 1992),
Monkeys(Tiemann
2008); Endocrine
Disruptor: Mice,
Rats,
Zebrafish(Tiemann
2008), Quail(Ottinger
et al. 2005)

2,2-Bis(4-
hydroxyphenyl)-
1,1,1-
trichloroethane
(HPTE)

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Endocrine Disruptor:
Mice, Rats(Murono
and Derk 2005)

Chlorpyrifos
oxon

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Dvelopmental
Toxicity: Rats(Chanda
et al. 1995),
Mice(Slotkin 1999);
Neurotoxicity:
Rats(Richardson
1995)

Oxytetracycline
dihydrate

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

No in vivo toxicity
data returned

Fluroxypyr-
meptyl

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Aquatic Toxicity(EFSA
2011)
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Methyl
hydrogen
phthalate

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

No in vivo toxicity
data returned

Perfluorooctanoi
c acid

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Developmental
Toxicity: Humans
(low birth weight)(Fei
et al. 2007), Rats(Lau
et al. 2004), Mice(Lau
et al. 2006; Wolf et
al. 2007); Thyroid
Disease:
Humans(Melzer et al.
2010)

Abamectin

No Study in
ToxRefDB

No Study in ToxRefDB

No Study in ToxRefDB

No Study in
ToxRefDB

Neurotoxicity:
Mice(Bloomquist
1992); Reproductive
Toxicity:
Rats(Elbetieha and
Da'as 2003); Aquatic
Toxicity: Trout(Jencic
et al. 2006)

Supplemental Table 1: Predicted VDCs with no prenatal guideline study in ToxRefDB. VT-KB

literature search results are reported.
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VTKB Results (peer-

RAT/RABBIT RAT reviewed in vivo
Chemical Developmental | RAT Chronic MOUSE Chronic Multigenerational | studies)
LungTumors; Lung_
AnyLesion,
PreneoplasticLesion,
No effect NeoplasticLesion; No effect No in vivo toxicity
Zoxamide recorded No effect recorded Tumorigen recorded data returned
Developmental
toxicity:
Zebrafish(Oliveira et
al. 2009);
Liver/Kidney
toxicity: Rats,
Hamsters(Rodricks
et al. 2010);
Endocrine
Disruptor:
Blood_ AnyLesion; Kidney_ Rats(Kumar et al.
AnyLesion; LiverHypertrophy; 2009), Sheep
No effect LiverNecrosis; Liver_ No Chronic Mouse Study Kidney; Placenta(James et
Triclosan recorded AnyLesion; Lung_ AnyLesion in ToxRefDB ViabilityPND4 al. 2010)
AdrenalGland_ AnyLesion,
PreneoplasticLesion;
BoneMarrow_ AnyLesion,
PreneoplasticLesion; Bone_
AnyLesion; Eye_ AnyLesion;
Kidney_ AnyLesion;
LiverHypertrophy;
LiverProliferativeLesions;
Liver_ AnyLesion,
PreneoplasticLesion; Lung_
AnyLesion; LymphNode_
AnyLesion; Ovary_ AnyLesion;
Skin_ AnyLesion,
PreneoplasticLesion, Gallbladder_ AnyLesion;
NeoplasticLesion; Stomach_ Heart_ AnyLesion;
AnyLesion; Testes_ AnyLesion; | KidneyPathology; Kidney_
ThyroidGland_ AnyLesion, AnyLesion;
PreneoplasticLesion, LiverHypertrophy;
NeoplasticLesion; LiverProliferativeLesions;
ThyroidHyperplasia; LiverTumors;
ThyroidProliferativeLesions; Liver_AnyLesion,
ThyroidTumors; Tumorigen; PreneoplasticLesion,
No effect UrinaryBladder_ AnyLesion, NeoplasticLesion; No in vivo toxicity
MGK recorded PreneoplasticLesion Tumorigen Liver data returned
AdrenalGland_
AnyLlesion;
KidneyPathology; Kidney_
AnyLlesion,
KidneyNephropathy; Kidney_ PreneoplasticLesion;
AnyLesion; LiverNecrosis; LiverHypertrophy;
LiverProliferativeLesions; LiverProliferativeLesions;
No effect Liver_ AnyLesion, Liver_ AnyLesion, Adrenal; Kidney; No in vivo toxicity
Dithiopyr recorded PreneoplasticLesion PreneoplasticLesion Liver; Thyroid data returned
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Brain_ AnyLesion; Liver_
AnyLesion; PituitaryGland_
AnyLesion,
PreneoplasticLesion,
NeoplasticLesion;

Immunomodulator:
Lake

No effect SpleenPathology; Spleen_ Ovary; Spleen; Trout(Hamoutene et
Tebufenozide | recorded AnyLesion; Tumorigen Spleen_ AnyLesion Testis; Uterus al. 2008)
AdrenalGland_ AnyLesion;
Cholinesteraselnhibition; Eye_ | AdrenalGland_
AnyLesion; Liver_ AnyLesion; AnyLesion; Adrenal; High Toxicity
Lung_ AnyLesion; Ovary_ KidneyPathology; Kidney_ | LactationPND21; Risk/Environmental
AnyLesion; PituitaryGland_ AnyLesion; LiveBirthPND1; Persistence:
No effect AnyLesion; SkeletalMuscle_ PituitaryGland_ Liver; Humans(Sanchez-
Fosthiazate recorded AnyLesion AnyLesion ViabilityPND4 Moreno et al. 2009)
KidneyNephropathy; Kidney_
AnyLesion; ThyroidGland_ Epididymis;
AnyLesion, LiverHypertrophy; Fertility; LitterSize;
PreneoplasticLesion, LiverNecrosis; LiveBirthPND1; Developmental
NeoplasticLesion; LiverProliferativeLesions; Liver; Mating; Neurotoxicity:
No effect ThyroidProliferativeLesions; Liver_ AnyLesion, Ovary; Thyroid; Zebrafish(Stehr et
Fipronil recorded ThyroidTumors; Tumorigen PreneoplasticLesion ViabilityPND4 al. 2006)

Supplemental Table 2:

Predicted VDCs with no prenatal effect recorded in ToxRefDB. VT-KB

literature search results are reported.
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